receptor CTLA-4 did not alter T cell motility or abrogate tolerance. Thus, PD-1-PD-L1 interactions maintain peripheral tolerance by mechanisms fundamentally distinct from those of CTLA-4.
Autoimmunity results from the breakdown of processes designed to maintain self-tolerance. The growing list of costimulatory and inhibitory receptors that influence immune cell activation has been a central concern in immunology for over two decades. CTLA-4 (CD152) is a well established negative regulator of T cell function 1 . CTLA-4 is rapidly expressed on the surface of T cells after activation and is highly upregulated by engagement of the costimulatory molecule CD28 (ref. 1). CTLA-4 ligation antagonizes early T cell activation by inhibiting interleukin 2 (IL-2) production, cell cycle progression and T cell antigen receptor (TCR) signaling 2, 3 . CTLA-4 and CD28 share the ligands B7-1 (CD80) and B7-2 (CD86) 4 . Mice deficient in CTLA-4 develop lymphoproliferative disease and die within 3-4 weeks of birth 5 , which adds further evidence of the critical role of CTLA-4 in controlling T cell responses and immune homeostasis.
Programmed death 1 (PD-1 (CD279)) is an inhibitory molecule found on the surface of activated B cells and T cells that has been linked to immune tolerance 6 . PD-1 is a member of the CD28 and CTLA-4 immunoglobulin superfamily and interacts with two B7 family ligands, PD-L1 (CD274) and PD-L2 (CD273) 4 . PD-L1 is widely distributed on leukocytes and nonhematopoietic cells in lymphoid and nonlymphoid tissues, including pancreatic islets, whereas PD-L2 is expressed exclusively on dendritic cells (DCs) and monocytes 7, 8 . The PD-1 signaling pathway limits viral clearance during chronic infection by creating an unresponsive state in virus-specific CD8 + T cells called 'exhaustion' 9 . In an autoimmune setting, PD-1 is essential for maintaining T cell anergy and preventing autoimmunity 10, 11 . Genetic deletion of PD-1 results in profound and complex multiorgan autoimmune destruction 4 . Similarly, blocking PD-1-PD-L1 interactions accelerates spontaneous autoimmune diabetes 12 and reverses immune tolerance 10, 11 . Together these data support the idea that PD-1 serves a central role as a major inhibitory pathway controlling immunity and suggest that exhaustion and peripheral tolerance are linked mechanistically.
Several theories have emerged to explain the mechanism by which PD-1 suppresses T cell activation. PD-L1 may act passively by competing directly with CD28 for B7-1 binding 13 . In addition, PD-1 may directly recruit phosphatases such as SHP-1 and SHP-2, which interfere with TCR signaling 4, [14] [15] [16] . However, the effects of PD-1 engagement during T cell activation are unclear, as in vitro models have not adequately demonstrated the inhibitory activity of PD-1 (ref. 17) .
In vivo studies of PD-1-mediated inhibition have been limited to global effects on immunity with little evidence that PD-1 engagement directly controls T cell signaling.
A well-defined, antigen-specific tolerance model has been used to examine the cellular basis of immunological tolerance with antigenpulsed and fixed antigen-presenting cells (APCs) 10 . Administration of the islet antigen peptide mimic p31 coupled to chemically fixed APCs reversed diabetes and induced robust, long-term inactivation of islet-specific BDC2.5 TCR-transgenic T cells. Tolerized T cells did not proliferate or produce cytokines in response to TCR stimulation. Although both PD-1 and CTLA-4 interactions were critical for the induction of tolerance, long-term maintenance of the anergic state depended on PD-1-PD-L1 interactions but not on CTLA-4 interactions in the inflamed tissue 10 . These results indicate that a cellintrinsic mechanism maintains tolerance in the setting of continual exposure to autoantigen. 1 1 8 6 volume 10 number 11 november 2009 nature immunology A r t i c l e s Imaging advances have allowed the use of multiphoton laserscanning microscopy (MPLSM) to visualize T cells in lymph nodes and nonlymphoid tissues in vivo at the single-cell level 18 . Several groups have described the highly dynamic movement of CD4 + and CD8 + T cells as well as DCs during T cell priming and tolerance induction [19] [20] [21] [22] [23] . Naive circulating T cells enter the lymph node through high endothelial venules and move on a network of stromal cells called 'fibroblastic reticular cells' , which define the potential location and migratory range of T cells 24 . The fibroblastic reticular cells also provide a substrate for resident DCs to sample and display antigen to passing T cells. As T cells migrate along the fibroblastic reticular cell 'highway' , they probe DCs for signals and antigen 24 . Initial interactions may be transient, but antigen recognition results in T cell swarming, the formation of stable T cell-DC conjugates and T cell arrest 25, 26 . TCR ligation results in 'stop signals' that decrease T cell motility and are required for stable T cell-DC conjugate formation and development of the immunological synapse 21, 26 . Prolonged T cell-DC interactions are critical for full T cell activation, proliferation and cytokine production [27] [28] [29] . However, dynamic T cell movement during the long-term maintenance of tolerance has not been well described.
Here we examined the biological roles of the PD-1 and CTLA-4 inhibitory pathways during autoimmunity using multiphoton imaging techniques. PD-1 suppressed TCR-driven stop signals in the pancreatic islets, and blockade of PD-1 or PD-L1 inhibited T cell migration, prolonged T cell-DC engagement, enhanced T cell cytokine production, boosted TCR signaling and abrogated peripheral tolerance. CTLA-4 blockade left T cell motility and tolerance unaltered. Thus, our findings suggest that PD-1 and CTLA-4 have fundamentally distinct roles in the maintenance of peripheral tolerance and autoimmunity.
RESULTS

PD-1-dependent, islet antigen-specific tolerance
Insulin-coupled, ethylene carbodiimide-fixed APCs have a profound effect on the development of spontaneous type 1 diabetes in the nonobese diabetic (NOD) mouse 10 . A single injection of antigen-pulsed, fixed splenocytes prevents and even reverses type 1 diabetes after disease onset. A critical role for PD-1 but not CTLA-4 has been identified in the maintenance of tolerance induced by injection of insulin-coupled, fixed splenocytes 10 . Here we adapted that model using islet antigen-specific BDC2.5 TCR-transgenic T cells to define the role of PD-1 and CTLA-4 in the maintenance of peripheral tolerance.
We tracked the movement of fluorochrome-labeled diabetogenic BDC2.5 CD4 + T cells in vivo by MPLSM. We induced type 1 diabetes by adoptive transfer of activated BDC2.5 T cells into naive prediabetic NOD recipient mice. Control recipient mice injected with splenocytes coupled with an irrelevant antigen (sham-SP) developed severe type 1 diabetes within 6 d of T cell transfer ( Fig. 1a) . Injection of splenocytes coupled to the peptide p31 (p31-SP), an islet antigen mimetope recognized by the BDC2.5 TCR 30 , prevented autoimmune diabetes and resulted in lower T cell proliferation and cytokine production ( Fig. 1a and data not shown). To test if T cell unresponsiveness was consistent with T cell anergy, we measured Ca 2+ flux 1 week after tolerance induction by p31-SP. Published work has demonstrated that TCR-induced Ca 2+ signals are associated with T cell motility and stable interactions with APCs 25 . BDC2.5 T cells isolated from mice tolerized with p31-SP did not flux Ca 2+ in response to strong secondary TCR stimulation with antibody to CD3 (anti-CD3), but cells from mice injected with sham-SP had normal Ca 2+ responses ( Fig. 1b) . Furthermore, phosphorylation of the TCR ζ-chain and the mitogen-activated protein kinase Erk was lower in T cells isolated from mice treated with p31-SP than in those treated with sham-SP (data now shown). These data provide evidence that exposure to p31-SP in vivo resulted in a TCR-proximal signaling defect.
Next we investigated the role of PD-1 and CTLA-4 in the maintenance of this unresponsive state. We transferred T cells from p31-SP-tolerized, BDC2.5 TCR-transgenic mice into naive recipients, then injected the recipients with anti-PD-L1, anti-CTLA-4 or isotypematched control antibody. Blocking PD-L1 led to the reversal of tolerance and rapid precipitation of clinical diabetes (Fig. 1c) . In contrast, CTLA-4 blockade did not affect clinical disease ( Fig. 1c) . Anti-PD-L1 also led to more accumulation of antigen-specific BDC2.5 T cells in the pancreatic lymph nodes (PLNs), but anti-CTLA-4 did not (data not shown). Together these results demonstrate that antigen-specific tolerance regulates autoimmune diabetes and that PD-L1, but not CTLA-4, has a critical role in the maintenance of this anergic state.
PD-1 but not CTLA-4 prevents T cell stop signals
To ascertain the roles of PD-1 and CTLA-4 during the maintenance of tolerance, we developed a system to study the dynamic movement of tolerized T cells in intact mouse lymph nodes by MPLSM. As tolerance induced by p31-SP correlated with impaired calcium signaling, and PD-1 but not CTLA-4 maintained this Figure 1 Antigen-specific tolerance blocks diabetes, TCR signaling and Ca 2+ flux in a PD-L1-dependent manner. (a) Diabetes incidence in NOD mice given activated BDC2.5 T cells, followed by treatment with p31-SP (n = 8 mice; p31-tolerized) or sham-SP (n = 8 mice; activated control) on the same day. (b) Ca 2+ flux in BDC2.5 TCR-transgenic CD4 + T cells obtained from mice treated in vivo with p31-SP or sham-SP, then purified, loaded with the calcium indicator Indo-1 and activated with anti-CD3 (5 µg/ml) and crosslinking antibody or ionomycin. (c) Development of type 1 diabetes in naive recipient mice given 2 × 10 6 p31-SP-tolerized BDC2.5 TCR-transgenic T cells, followed by anti-PD-L1, anti-CTLA-4 or isotype-matched control antibody (n = 5 mice per group), monitored by measurement of blood glucose. Data are representative of three or more independent experiments (a,b) or are from two independent experiments (c).
tolerant state, we tested the hypothesis that PD-L1 prevents the TCRmediated T cell stop signal associated with T cell activation and type 1 diabetes. Antigen-specific T cells swarm and cluster when they enter antigen-containing PLNs 31 . Thus, we compared the migratory activity of activated control BDC2.5 T cells with that of tolerized BDC2.5 T cells. We isolated BDC2.5 Thy-1.1 + CD4 + T cells from mice treated with sham-SP or p31-SP, labeled the cells with celltracking dye CMTMR and transferred them into NOD mice expressing a transgene encoding yellow fluorescent protein (YFP) driven by the promoter of the gene encoding CD11c. This CD11c-YFP mouse allows tracking of the in vivo movements of CD11c + DCs 32 . We compared the velocity and displacement of control and tolerized T cells in islet antigen-bearing PLNs 18-24 h after T cell transfer. Control activated BDC2.5 T cells slowed down and swarmed in antigen-bearing PLNs, with a velocity of 2.2 ± 0.1 µm/min ( Fig. 2a and Supplementary Movie 1), similar to results reported before 31 . In contrast, the tolerized T cells did not swarm in antigen-containing PLNs and had a mean velocity of 5.2 ± 0.4 µm/min ( Fig. 2a and Supplementary Movie 2), similar to results reported for lymph nodes not bearing antigen 31 .
Next we designed experiments to assess the effect of PD-1 and CTLA-4 on T cell motility during the maintenance phase of tolerance. As PD-L1, but not PD-L2, is required for the maintenance of tolerance, we examined the effect of PD-L1-blocking antibodies 10 . After PD-L1 blockade, the tolerized T cells slowed and swarmed with a velocity of 1.4 ± 0.1 µm/min, in contrast to the velocity of 5.2 µm/min observed after treatment with isotype-matched control antibody (P < 0.0001; Fig. 2a and Supplementary Movie 3). PD-1 blockade produced similar effects on T cell swarming and stop signals (data not shown). Together these data support the idea that PD-1-PD-L1 interactions are needed to mediate tolerance and prevent T cell stop signals.
CTLA-4 blockade, in contrast, did not affect the movement of tolerized T cells, as tolerized T cells maintained a mean velocity of 5.4 ± 0.4 µm/min after CTLA-4 blockade ( Fig. 2a and Supplementary Movie 4). We next assessed T cell motility by measuring the displacement of T cells plotted against the square root of time (motility coefficient (M)). This measurement reflects not simply the total distance traveled but instead displacement from the point of origin. Consistent with published reports 22, 33, 34 , antigen encounter resulted in little displacement of control T cells (M = 0.32 ± 0.16 µm 2 /min; Fig. 2b) . In contrast, the displacement of tolerized BDC2.5 T cells was significantly greater (M = 6.65 ± 0.21 µm 2 /min (P < 0.0001); Fig. 2b ), indicative of a process in which activated antigen-specific T cells stop and are engaged in stable interactions with APCs while the tolerized T cells move freely in the PLNs. As suggested by the change in velocity, blockade of PD-1-PD-L1 interactions resulted in less displacement and arrest of tolerized T cells (M = 0.19 ± 0.06 µm 2 /min; Fig. 2b ). CTLA-4 blockade, in contrast, did not result in less T cell displacement (M = 7.0 ± 4.6 µm 2 /min; Fig. 2b ). By tracking individual cells and plotting the superimposed tracks from the origin for each group, we were able to demonstrate the limited movement of activated cells compared with that of tolerized T cells ( Fig. 2c,d) . PD-L1 blockade induced T cell arrest and limited displacement ( Fig. 2e) , similar to that of activated T cells ( Fig. 2c) , but dissimilar from the effects of CTLA-4 blockade (Fig. 2f) . These results demonstrate a fundamental distinction between the functions of PD-1 and CTLA-4 and suggest that PD-L1 blockade enhances T cell stop signals.
To investigate if PD-1-PD-L1 interactions function in an antigendependent or antigen-independent manner, we investigated the migratory activity of BDC2.5 T cells in antigen-deficient inguinal lymph nodes (ILNs). We compared the velocity and displacement of control and tolerized T cells 18-24 h after T cell transfer. In all cases, T cells migrated freely in the ILNs with similar velocities, displacement and motility, and migration was independent of T cell activation or tolerance and the presence or absence of PD-L1 or CTLA-4 blockade ( Fig. 3 and Supplementary Movies 5-8) . Thus, the enhanced stop signal and confined displacement required TCR engagement with islet antigen(s) (PLNs versus ILNs) as well as the disruption of PD-L1 ligation. It is notable that administration of anti-PD-L1 did not affect the movement of naive, nontolerized polyclonal T cells (Supplementary Movie 9) . This was probably due to the fact that tolerized T cells have high surface expression of PD-1, whereas naive A r t i c l e s T cells do not 10, 35 . These results reinforce the idea that antigen is required for the stop signal and that PD-1 normally functions to inhibit T cell activation by preventing T cell arrest.
PD-1 inhibits T cell movement in the islets
PD-1-mediated control of immune responses depends on interactions between PD-1 on T cells and PD-L1 in tissues 10, 11 . Thus, we sought to determine if the effects of PD-1-PD-L1 blockade had similar effects in the autoimmune target tissue, the pancreatic islets, as was the case in antigen-draining PLNs. To accomplish this, we developed a system to analyze T cell motility in vivo in pancreatic islets of Langerhans by MPLSM. We transferred islets from NOD.MIP-eGFP mice under the kidney capsule of recipient NOD.SCID mice. The transgenic NOD.MIP-eGFP mice express enhanced green fluorescent protein (eGFP) under the control of the promoter of the mouse gene encoding insulin 1. One week after islet transplantation, the NOD. SCID recipient mice received CMTMR-labeled tolerized BDC2.5 Thy-1.1 + T cells. After T cell transfer, we gave recipient mice anti-PD-L1, anti-CTLA-4 or isotype-matched control antibody and tracked cell movement. As in the antigen-containing PLNs, tolerized BDC2.5 T cells moved rapidly in the islet transplants in mice treated with isotype-matched control antibody (velocity = 6.2 ± 0.3 µm/min; Fig. 4a and Supplementary Movie 10). PD-L1 blockade resulted in lower velocity (3.3 ± 0.2 µm/min; Fig. 4a and Supplementary Movie 11) , whereas CTLA-4 blockade did not affect the migration of previously tolerized T cells despite the presence of antigen (velocity = 6.6 ± 0.3 µm/min; Fig. 4a and Supplementary Movie 12). We also measured the displacement of previously tolerized T cells in the islet transplants. We observed free and apparently unconstrained migration of tolerized T cells in recipient mice treated with isotype-matched control antibody or anti-CTLA-4 (isotype control, M = 15.8 ± 5.3 µm 2 /min; CTLA-4, M = 10.1 ± 2.3 µm 2 /min). The slope of these two curves was a straight line representing free and random walking in the target tissue and did not correspond to directed migration 33 . PD-L1 blockade, however, attenuated T cell motility and resulted in less T cell displacement than that in mice treated with isotype-matched control antibody (M = 0.5 ± 0.3 µm 2 /min; Fig. 4b) . Tracking of individual cells confirmed those results ( Fig. 4c-e) . These data show that 
PD-L1 blockade enhances stable T cell-DC interactions
The studies described above suggest that blocking PD-1-PD-L1 interactions leads to less T cell movement and thus may provide the opportunity for extended interactions between antigen-specific T cells and antigen-bearing APCs. Prolonged interactions between T cells and DCs is critical for full T cell activation 27, 29 . We hypothesized that PD-1 normally functions to prevent the stable T cell-DC contacts that are required for full T cell activation. To test our idea, we used the adoptive transfer and imaging system described above to measure the dwell time of antigen-specific T cells with DCs. We labeled BDC2.5 T cells red with CMTMR and transferred them into NOD.CD11c-YFP recipient mice and then determined T cell-DC interaction times in antigencontaining sites (PLNs) and antigen-deficient sites (ILNs). Tolerized T cells did not slow down or form stable contacts with tissue DCs (Fig. 5a and Supplementary Movie 13) . In contrast, many stable conjugates formed between T cells and CD11c + DCs after PD-L1 blockade ( Fig. 5b and Supplementary Movie 14) . PD-L1 blockade was associated with greater duration of T cell-DC contacts (Fig. 5c) .
Notably, most T cells from mice treated with anti-PD-L1 interacted with tissue-specific DCs for the entire duration of the imaging experiment (30 min), with a mean dwell time of 26.6 ± 6.8 min, compared with 9.2 ± 8.5 min for tolerized T cells from mice treated with isotype-matched control antibody (P < 0.0001; Fig. 5c ). In addition, approximately 75% of labeled tolerized T cells that made contact with DCs maintained these contacts for the entire imaging sequence of 30 min in anti-PD-L1-treated mice, whereas only 8% of tolerized T cells maintained DC interactions in mice treated with isotypematched control antibody ( Fig. 5d and Supplementary Movies 15  and 16) . Stable conjugates in the ILNs were not readily detectable in either group (data not shown), consistent with the idea that antigen is required for these interactions. Together these data suggest that PD-1-PD-L1 blockade fundamentally altered the way that diabetogenic T cells interacted with antigen-bearing CD11c + DCs.
PD-L1 blockade promotes T cell activation
Anergy induced in BDC2.5 T cells exposed to the p31-pulsed, fixed APCs led to a defect in early TCR signaling events, including Ca 2+ flux ( Fig. 1) and Erk phosphorylation 10, 36 . However, treatment of anergic T cells with phorbol 12-myristate 13-acetate and ionophore reversed tolerance and promoted T cell activation ( Fig. 1 and data  not shown) . Thus, any therapy that would break tolerance in this system would be expected to reverse this TCR signaling defect. To correlate our single-cell imaging data with functional measures of T cell activation, we assayed Erk phosphorylation in p31-SPtolerized BDC2.5 TCR-transgenic T cells by flow cytometry. We collected antigen-specific, tolerized BDC2.5 T cells 5 h after in vivo injection of anti-PD-L1 or isotype-matched control antibody and stained the cells with phosphorylation-specific antibodies both immediately and after stimulation with phorbol 12-myristate 13-acetate ( Fig. 5e) . Tolerized T cells did not show Erk phosphorylation after in vivo APC engagement [36] [37] [38] (Fig. 5e) . In contrast, treatment with anti-PD-L1 resulted in substantial Erk phosphorylation in tolerized T cells, but treatment with isotype-matched control antibody did not (Fig. 5f) . These results indicate that proximal TCR signaling components, including Erk phosphorylation, are restored after PD-1-PD-L1 blockade. Effective TCR signaling culminates in the production of effector cytokines. Tolerence induced by p31-SP resulted in lower amounts of inflammatory cytokines, including IL-2 and interferon (IFN-γ), in the PLNs 10 . Here we bred antigen-specific NOD BDC2.5 TCR-transgenic mice with 'Yeti' mice, which express a YFP reporter cassette under the control of the promoter of the gene encoding IFN-γ 31 . We transferred tolerized BDC2.5 Thy-1.1 + Yeti T cells into recipient NOD mice and treated the recipient mice with isotype-matched control antibody, anti-PD-L1 or anti-CTLA-4. PD-L1 blockade abrogated tolerance, and most CD4 + T cells isolated directly from the islets of mice injected with anti-PD-L1 produced IFN-γ (57.8% ± 5.5%; Fig. 5g) . These results demonstrate a T cell-intrinsic abrogation of anergy, and we did not detect this effect when we administered anti-CTLA-4 or isotype-matched control antibody (6.3% ± 1.8% or 5.5% ± 1.3%, respectively (P < 0.0001); Fig. 5g ). Together these findings indicate that PD-L1 blockade restored the ability of anergic T cells to engage in prolonged DC interactions, produce inflammatory cytokines and induce rapid development of type 1 diabetes.
DISCUSSION
In this study, we sought to determine the roles of the inhibitory receptors PD-1 and CTLA-4 on T cell migration during the maintenance of tolerance. Our results have indicated that disruption of PD-1-PD-L1 interactions enhanced the interactions of tolerized T cells with antigen-bearing DCs and facilitated the phosphorylation of key TCR signaling molecules, but disruption of CTLA-4-B7 interactions did not. This T cell engagement with antigen-bearing DCs ultimately resulted in the production of effector cytokines and rapid progression of autoimmunity.
The duration of T cell-DC contacts and its influence on T cell activation and the induction of tolerance has been a topic of great interest. Several published reports have shown that during the induction of T cell tolerance, both transient and stable DC interactions can occur 20, 23 . During the process of T cell activation, the duration of T cell-DC contacts is highly variable in vivo, ranging from minutes to several hours 39 . Early reports suggested that initial interactions during the first phase of T cell activation tend to be transient (5-10 min during the first 3-15 h) 20, 21, 40 . However, a subsequent report found that long lived T cell-DC interactions can occur after the initial T cell-DC contact and that prolonged interactions are required for T cell activation 41 . In this study, Erk phosphorylation occurred early after stable T cell-DC conjugates were formed, and IFN-γ production increased with longer T cell-DC interactions 41 . These interactions required TCR engagement of complexes of peptide and major histocompatibility complex class II, as blockade of major histocompatibility complex class II in vivo terminated stable contacts, resulted in greater T cell motility, led to less T cell proliferation, and prevented IFN-γ production. The second phase of T cell activation subsequently results in contacts of longer duration, in which T cells form stable conjugates and begin to secrete cytokines. During phase three, T cell motility increases and cell proliferation occurs 21 . Our studies have demonstrated that PD-1 blockade restored stable T cell-DC contacts, Erk phosphorylation, IFN-γ production and, most notably, type 1 diabetes. These findings suggest that PD-1 normally functions to prevent the T cell stop signal and the formation of stable conjugates with antigen-bearing DCs.
Anergic T cells have been shown in vitro to form unstable immunological synapses with allogeneic APCs and to fail to recruit the signaling proteins necessary to initiate T cell activation 42 . We suggest that these transient interactions are required in our system (but are impossible to discern in vivo), as the breakdown of tolerance after PD-1-PD-L1 blockade only occurred when antigen was present, as in PLNs and pancreas, and did not occur in the ILNs. Thus, abrogation of tolerance allows the stabilization of these interactions, which permits full T cell activation and clinical disease.
Reports suggest that B7-1 and PD-L1 interact directly with each other to negatively regulate T cells 13 . Thus far, however, in vivo data to support the functionality of this interaction have not been reported. Our data do not suggest that this interaction was responsible for the tolerant phenotype in the present study, as administration of anti-B7-1 had no effect on T cell velocity, track displacement or movement trajectories relative to the effects produced by isotype-matched control antibody (data not shown). In addition, PD-1-blocking antibodies had effects similar to those of PD-L1 (data not shown). Finally, tolerized BDC2.5 T cells arrested and stopped when transferred into PD-L1-deficient (Cd274 −/− ) recipients, similar to the movement in experiments with PD-L1 antibody blockade (data not shown), which supports the idea that PD-1-PD-L1 interactions are critical for tolerance.
Blockade of CTLA-4-B7 interactions can prevent the induction of tolerance by peptide-pulsed fixed APCs but cannot reverse tolerance once it is established 10 . We detected no influence of CTLA-4 on the migratory activity of tolerized T cells in these conditions. It is notable that we used the same dose of blocking CTLA-4-specific antibody in our MPLSM experiments as was used in the previous study, which documented a critical role for CTLA-4 during the induction of tolerance 10 . Because of the complex nature of lattice formation with B7-1, we have also explored anti-CTLA-4 Fab fragments and obtained results similar to those obtained with intact anti-CTLA-4. The results presented here suggest that CTLA-4 inhibition has biological consequences that are different qualitatively and quantitatively from those of PD-1-PD-L1 blockade.
Although CTLA-4 and PD-1 both limit T cell signaling, cytokine production and cell cycle progression and may share potential targets, some key biochemical differences have been reported. After engagement of its ligand (PD-L1 or PD-L2), PD-1 can bind SHP-1 and SHP-2 (refs. 4,43) . The binding of SHP-1 and SHP-2 can terminate early TCR signals by dephosphorylating key signaling intermediates, including the kinases Akt, PI(3)K, Zap70 and PKC-θ. Like PD-1, CTLA-4 can interact with SHP-1 and SHP-2 (ref. 14) . Unlike PD-1, CTLA-4 can also interact with the phosphatase PP2a 15 . Another difference between these two inhibitory receptors is the structural motif used to bind phosphatases. CTLA-4 interacts through the immunoreceptor tyrosine-based inhibitory motif, whereas PD-1 contains an additional motif, the immunoreceptor tyrosine-based switch motif 43 . Mutation of sequence encoding the immunoreceptor tyrosine-based inhibitory motif has little effect on signaling, whereas mutations of sequence encoding the immunoreceptor tyrosine-based switch motif abrogate the ability of PD-1 to limit T cell population expansion 43 . This suggests that PD-1 and CTLA-4 use different structural motifs to bind and recruit phosphatases for signal blockade. Further work is needed to determine the precise biochemical relationship between these two potent negative regulatory molecules.
Genetic experiments may help to explain the different roles of PD-1 and CTLA-4 in immune homeostasis, breakdown of tolerance and establishment of autoimmunity. CTLA-4 deficiency results in rapid multiorgan tissue inflammation and death by 3-4 weeks of age, regardless of mouse genetic background 5 , whereas autoimmunity in PD-1-deficient mice is slower and tissue specific in a manner dependent on genetic background 4 . Such reports suggest that deficiencies in the PD-1-PD-L1 pathway may potentiate tissue-specific autoimmune predispositions. The expression and distribution of CTLA-4 and PD-1 ligands may help explain these differences. The fundamental difference between the effects of CTLA-4 and PD-1 on T cell migration, as described here, may also help to explain these differences.
Two reports have investigated the effect of CTLA-4 on T cell stop signals 44, 45 . One study found that CTLA-4 + T cells fail to stop or slow down in response to in vivo peptide challenge and that anti-CTLA-4 increases T cell motility 44 . A follow-up study reported that CTLA-4-deficient T cells show considerable resistance to a stop signal induced by anti-CD3 (ref. 45 ). It is difficult to explain the discrepancies between those studies, but they may be due to subtle differences between sorted T cell subpopulations, CTLA-4 surface stability, blocking antibodies or use of knockout T cells. Here we found no influence of CTLA-4 blockade on TCR-driven stop signals. In our study, CTLA-4 blockade did not alter the DC-binding properties of the tolerized T cells, did not result in substantial Erk phosphorylation, did not restore IFN-γ production and did not result in the rapid development of autoimmune diabetes. One major difference is that the previous reports tracked the migration of naive T cells during primary stimulation 44, 45 , whereas our studies here focused on anergic T cells during the reactivation phase.
Finally, it is notable that PD-1-PD-L1 blockade resulted in greater accumulation and/or enhanced proliferation of antigen-specific T cells in the target tissue 10 . This finding supports the idea that T cell-DC interactions serve a key role during tissue-specific reactivation. Future work in this area should determine if CD4 + T cells interact directly with islet target cells or through a tissue-specific major histocompatibility complex class II-positive cell. Further investigation of the signals that maintain tolerance in this and similar settings will aid in the understanding of how to exploit the PD-1-PD-L1 pathway in efforts to prevent and treat autoimmunity, promote transplant acceptance and limit tumor growth.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
